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Abstract
The transition operator for the radiative capture of mesons µ− by pro-
tons is constructed starting from a chiral Lagrangian of the Npiρa1 ω system
obtained within the approach of hidden local symmetries. The transition op-
erator is gauge invariant and satisfies exactly the CVC and PCAC equations.
1
I. INTRODUCTION
The radiative muon capture (RMC) on proton,
µ− + p −→ n + νµ + γ , (1.1)
has recently been measured at TRIUMF [1] for the first time. The aim of the experiment
was to extract the value of the weak induced pseudoscalar constant gP with the result
gP (q
2 ≈ 0.88m2µ) = (9.8 ± 0.7 ± 0.3) gA(0) . (1.2)
This value of gP is about 1.5 times larger than tho one predicted by PCAC and admitting
pion-pole dominance of the induced pseudoscalar part of the weak axial current. Actually,
the constant gP is the only one not well known experimentally of the four constants gV ,gM ,gA
and gP entering the weak nucleon current.
There are constant efforts for many years to extract gP from the ordinay muon capture
by proton,
µ− + p −→ n + νµ , (1.3)
with the world average value [2] charged with a 25% error. The recent precise measurement
[3] of the transition rate for the reaction
µ− + 3He −→ 3H + νµ , (1.4)
lead subsequently [4,5] to the extraction of gP with an accuracy of ≈ 19%,
gP = (1.05 ± 0.19) gPCACP , (1.5)
with
gPCACP (q
2) =
2Mmµ
q2 +m2π
gA(q
2) . (1.6)
For reaction (1.3), q2 ≈ 0.88m2µ and gPCACP ≈ 6.6 gA. On the other side, the value of q2 in
the hadron radiative part of the amplitude for RMC can reach q2 ≈ −m2µ at the high end of
the photon spectrum, which leads to an enhancement by a factor of 3 in the amplitude due
to the induced pseudoscalar part of the weak axial interaction in this kinematical region. It
is this feature of the RMC process which feeds the hope that it can be effectively used for
extracting of the value of gP .
The transition amplitude for the elementary reaction (1.1) was derived by numbers of
authors. One can use [6] Feynman graphs obtained by attaching a γ in every possible way
to the lines of electromagnetically interacting particles participating in reaction (1.1). Then
the current conservation allows one to get the hadron radiative amplitude up to terms linear
in photon momentum k. Better way to get the amplitude is using the low energy theorems
(see Refs. [7]- [11] and references therein) which provide the RMC amplitude in terms of
elastic weak form factors and pion photoproduction amplitudes up to terms linear in k and
2
q = pµ − pν . The gauge invariance, CVC and PCAC are respected in this approach just to
this order. Such an amplitude was applied in [1] to extract the constant gP of Eq. (1.2).
The difference between the value (1.2) of gP and its PCAC prediction opens naturally
among several questions also the discussion about the structure and completeness of the
applied transition amplitude. Here we present a new one obtained from the Lagrangian
of the Nπρ a1 ω system constructed within the approach of hidden local symmetries (HLS)
[12]. The advantage of this amplitude is that it satisfies gauge invariance, CVC and PCAC
exactly.
In the approach of HLS [13,14], a given global symmetry groupGg of a system Lagrangian
is extended to a larger one by a local group Hl and the Higgs mechanism generates the mass
terms for gauge fields of the local group in such a way that the local symmetry is conserved.
For the chiral group Gg ≡ [SU(2)L × SU(2)R]g and Hl ≡ [SU(2)L × SU(2)R]l the gauge
particles are identified [13,14] with the ρ- and a1 mesons. An additional extension by the
group U(1)l allows one to include the isoscalar ω meson as well [15]. Moreover, external
gauge fields, which are related to the electroweak interactions of the Standard Model, are
included by gauging the global chiral symmetry group Gg.
In Sect. II, we write down the HLS Lagrangian and the associated currents necessary to
construct the transition amplitude for RMC. In Sect. III, we construct this amplitude and
show that it is gauge invariant and that it satisfies CVC and PCAC exactly. In Sect. IV, we
compare our amplitude with the one obtained from the low energy theorems and we make
our conclusion.
II. LAGRANGIAN AND THE CURRENTS
We use the Lagrangian written in terms of the heavy meson fields representing the
nonlinear realization of the HLS for the groups Hl ≡ [SU(2)L × SU(2)R]l × U(1)l [12,15].
It can be written as
LNπρa1 ω = −N¯γµ∂µN −MN¯N + igN¯γ5(~Π · ~τ )N − igρ
gA
2fπ
N¯γµγ5(~τ · ~ρµ × ~Π)N
−igρg
2
A
fπ
N¯γµ(~τ · ~aµ × ~Π)N − igAgρN¯γµγ5(~τ · ~aµ)N
−igρ
2
N¯(γµ~ρµ − i κV
4M
σµν ~F (ρ)µν ) · ~τN − i
gω
2
N¯(γµωµ − i κS
4M
σµνωµν)N
+i
gρgA
4fπ
κV
2M
N¯γ5σµν(~Π · ~F (ρ)µν )N + i
gωgA
4fπ
κS
2M
N¯γ5σµν(~Π · ~τ )ωµνN
+gρ~ρµ · ~Π× ∂µ~Π− gρ∂ν~ρµ · ~ρµ × ~ρν + gρ(~ρµ × ~aν − ~ρν × ~aµ) · ∂µ~aν
+
1
fπ
(~ρµν · ~aµ × ∂ν~Π+ 1
2
~ρµ · ∂ν~Π× ~aµν)
+O(|~Π|2) . (2.1)
Here
~F (ρ)µν = ~ρµν − gρ~ρµ × ~ρν , ~ρµν = ∂µ~ρν − ∂ν~ρµ , ωµν = ∂µων − ∂νωµ . (2.2)
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The Lagrangian (2.1) describes reasonably all the relevant elementary processes (ρππ, a1 γπ
etc. ) at intermediate energies.
The associated currents are obtained by the Glashow–Gell-Mann method [16] and read
JSV , µ = −
m2ω
gω
ωµ , (2.3)
~JV , µ = −
m2ρ
gρ
~ρµ − 2fπgρ ~aµ × ~Π+O(|~Π|2) , (2.4)
~JA ,µ = −
m2ρ
gρ
~aµ + fπ∂µ~Π− 2fπgρ ~ρµ × ~Π
+
1
gρ
(
1
2fπ
∂ν~Π− gρ~aν + e ~Aν)× ~ρµν +O(|~Π|2) . (2.5)
We now have the full set of vertices and currents which are necessary to construct the
transition amplitude for RMC at the tree level.
III. TRANSITION AMPLITUDE FOR RMC
The needed transition operator T 1 − iT 2 consists of the following terms
T a(k, q) =
eG√
2
{Ma(k, q) + lµ(0)ǫ⋆ν(k) [MB, aµν (k, q) + Maµν(π; k, q) + M c. t., aµν (a1; k, q) ] } ,
(3.1)
where Ma(k, q) corresponds to the radiation by muon and the radiative hadron amplitude
is given in the square braces as a sum of three terms. As it will become clear later, these
amplitudes present actually a set of terms which satisfy separately a closed continuity equa-
tion which together provide the PCAC for the radiative hadron amplitude. In particular,
MB, aµν contains the nucleon Born terms (Figs. 1a and 1b) and some related contact ampli-
tudes (Figs. 1c and 1d), Maµν(π) contains the mesonic amplitude M
m. c. ,a
µν (k, q) describing the
radiation of the photon by the pion in flight which was created by the weak axial current
and all contact terms where an electroweak vertex (the bubble on the graph) is connected
to the nucleon via pion line (Fig. 1e with the pion). Similarly, M c. t., aµν (a1) is the sum of all
contact terms where the electroweak interaction is connected to the nucleon by a1 meson
line (Fig. 1e with the a1 meson).
We construct the transition amplitude for RMC using the Feynman graphs. Generally,
any of amplitudes Maµν(k, q) given below is related to the corresponding S-matrix element
as
S = (2π)4 i δ4(k + q1 − q) lµ(0)ǫ⋆ν(k)Maµν(k, q) . (3.2)
The radiation by muon is
Ma(k, q) = −iu¯(pν) γµ(1 + γ5)SF (pµ− − k)iǫ∗ν(k)γν u(pµ−)
u¯(p′) JˆaW,µ(q1) u(p) , (3.3)
4
JˆaW,µ(q1) = Jˆ
a
V, µ(q1) + Jˆ
a
A, µ(q1) , (3.4)
JˆaV, µ(q1) = im
2
ρ∆
ρ
µη(q1)(γη −
κV
2M
σηδq1δ)
τa
2
, (3.5)
JˆaA, µ(q1) = i[−gAm2a1∆a1µν(q1)γνγ5 + 2iMgA∆πF (q1)q1µγ5]
τa
2
, (3.6)
∆Bµν(l) = (δµν +
lµlν
m2B
)∆BF (l) , B = ρ, a1 , (3.7)
q1 = p
′ − p , SF (l) = − 1
i lµγµ +M
. (3.8)
Here gA = −1.26 and our definition of the electromagnetic and weak currents conforms Ref.
[17].
Let us now present the radiative hadron amplitude. The part MB, aµν (k, q) is
MB, aµν (k, q) =
6∑
i=1
MB, aµν (i; k, q) , (3.9)
MB, aµν (1) = −u¯(p′)[ JˆaW,µ(q)SF (Q)Jˆe.m.ν (k) + Jˆe.m.ν (k)SF (P )JˆaW,µ(q) ]u(p)
≡ MB,aV, µν(1) + MB,aA, µν(1) , (3.10)
MB, aµν (2) = −
gA
2
m2ρ∆
ρ
νζ(k)qµ∆
π
F (q)ε
3a bΓbζ(p
′, p)
≡ −ifπqµ∆πF (q)MB,aπ, ν(2) , (3.11)
MB, aµν (3) = i
gA
2
κV
2M
m2ρ∆
ρ
νη(k)qµ∆
π
F (q)kζδ3 au¯(p
′)γ5 σζηu(p)
≡ −ifπqµ∆πF (q)MB,aπ, ν(3) , (3.12)
MB, aµν (4) = −i
gA
2
κS
2M
m2ω∆
ω
νη(k)qµ∆
π
F (q)kζu¯(p
′)γ5 σζητ
au(p)
≡ −ifπqµ∆πF (q)MB,aπ, ν(4) , (3.13)
MB, aµν (5) =
m4ρ
2
κV
2M
∆ρµη(q)∆
ρ
νζ(k)ε
3 a bu¯(p′)σζητ
bu(p) , (3.14)
MB, aµν (6) = −im2ρε3 a b u¯(p′)[ (qζ + kζ)∆ρµη(q)∆ρνη(k) Jˆ bV, ζ(q1)
− (q1ζ + qζ)∆ρµη(q)∆ρνζ(k) Jˆ bV, η(q1) + (q1ζ − kζ)∆ρµζ(q)∆ρνη(k) Jˆ bV, η(q1) ]u(p) . (3.15)
We write also down the contribution from the radiative nucleon Born term due to the induced
pseudoscalar
MB, aps, µν(k, q) =MgAqµ∆
π
F (q) u¯(p
′)[ γ5τ
aSF (Q)Jˆ
e.m.
ν (k)
+ Jˆe.m.ν (k)SF (P )γ5τ
a ]u(p) ≡ −ifπqµ∆πF (q)MB,aπ, ν(1) , (3.16)
which serves to define the radiative pion absorption amplitudeMB,aπ, ν(1). Besides presenting
contact amplitudes, eqs. (3.11),(3.12) and (3.13) define also the radiative pion absorption
amplitudes MB,aπ, ν(2), MB,aπ, ν(3) and MB,aπ, ν(4), respectively. In Eq. (3.10), the amplitudes
M
B,a
V, µν(1) and M
B,a
A, µν(1) correspond to the vector-vector and axial-vector part of the weak
nucleon current (3.4).
5
In Eqs. (3.10-3.16) the following notations are used
Jˆe.m.ν (k) = Jˆ
S
V, ν(k) + Jˆ
3
V, ν(k) , (3.17)
JˆSV, ν(k) = im
2
ω∆
ω
νη(k)
1
2
(γη − κS
2M
σληkλ) , (3.18)
Jˆ3V, ν(k) = im
2
ρ∆
ρ
νη(k)
τ 3
2
(γη − κV
2M
σληkλ) , (3.19)
Γbν(p
′, p) = u¯(p′) γ5γντ
b u(p) . (3.20)
We keep the amplitudes (3.10)-(3.16) together because they satisfy the following conti-
nuity equation
qµM
B,a
µν = ifπm
2
π∆
π
F (q)
4∑
i=1
MB, aπ, ν (i) + iε3 a bu¯(p′) Jˆ bV, µ(q1) u(p) . (3.21)
We further present the second part of the radiative hadron amplitude Maµν(π; k, q) as
Maµν(π; k, q) = M
m. c. ,a
µν (k, q) +
5∑
i=1
Maµν(π, i; k, q) . (3.22)
Here
Mm. c. ,aµν = −MgAqµ∆πF (q)m2ρ∆ρην(k) (q1η + qη)∆πF (q1) Γa(p′, p)
≡ −ifπqµ∆πF (q)Mm. c. ,aπ, ν , (3.23)
Maµν(π, 1) = −2iMgAm2ρ∆a1µν(q)∆πF (q1)ε3 a bΓb(p′, p) , (3.24)
Maµν(π, 2) = 2iMgAm
2
ρ∆
a1
µη(q)∆
ρ
F (k)( kηq1ν − q1 · k δην )∆πF (q1)ε3 a bΓb(p′, p) , (3.25)
Maµν(π, 3) = iMgAm
2
ρ∆
a1
F (q)∆
ρ
ην(k)( qηq1µ − q · q1 δηµ )∆πF (q1)ε3a bΓb(p′, p) , (3.26)
Maµν(π, 4) = 2iMgAm
2
ρ∆
ρ
µν(k)∆
π
F (q1)ε
3 a bΓb(p′, p) , (3.27)
Maµν(π, 5) = −iMgA∆ρF (k)( kµq1ν − q1 · k δµν )∆πF (q1)ε3 a bΓb(p′, p) , (3.28)
Γb(p′, p) = u¯(p′)γ5τ
bu(p) . (3.29)
The amplitude Maµν(π; k, q) defined in Eq. (3.22) satisfies the continuity equation
qµM
a
µν(π; k, q) = ifπm
2
π∆
π
F (q)Mm. c. ,aπ, ν − iMgAq1ν∆πF (q1)ε3a bΓb(p′, p) . (3.30)
The radiative pion absorption amplitude Mm. c. ,aπ, ν is defined in Eq. (3.23) and the second
term at the r. h. s. of Eq. (3.30) is simply related to the induced pseudoscalar part of the
weak axial nucleon current (3.6).
The last amplitude of Eq. (3.1) we need to discuss is M c. t., aµν (a1; k, q) which represents
various contact terms of the a1 meson range (cf. Fig. 1e with B = a1). Explicitly we have
M c. t., aµν (a1; k, q) =
5∑
i=1
M c. t., aµν (a1, i; k, q) , (3.31)
M c. t., aµν (a1, 1) =
1
2
gAqµ∆
π
F (q)m
2
a1
∆a1νζ(q1)ε
3a bΓbζ(p
′, p)
6
≡ −ifπqµ∆πF (q)Mc. t., aπ, ν (a1, 1) , (3.32)
M c. t., aµν (a1, 2) =
1
2
gAqµ∆
π
F (q)m
2
a1
∆a1ηζ(q1)qλ [ kη∆
ρ
λν(k)− kλ∆ρην(k) ]ε3a bΓbζ(p′, p)
≡ −ifπqµ∆πF (q)Mc. t., aπ, ν (a1, 2) , (3.33)
M c. t., aµν (a1, 3) = −
1
2
gAqµ∆
π
F (q)m
2
ρ∆
ρ
ην(k)qλ [ q1η∆
a1
λζ(q1)− q1λ∆a1ηζ(q1) ]ε3a bΓbζ(p′, p)
≡ −ifπqµ∆πF (q)Mc. t., aπ, ν (a1, 3) , (3.34)
M c. t., aµν (a1, 4) =
1
2
gAm
2
a1
∆a1λζ(q1)[ kµ∆
ρ
λν(k)− kλ∆ρµν(k) ]ε3a bΓbζ(p′, p) , (3.35)
M c. t., aµν (a1, 5) = gAm
4
ρ∆
ρ
ην(k) [ (qη + q1η)∆
a1
λµ(q)∆
a1
λζ(q1)− qλ∆a1ηµ(q)∆a1λζ(q1)
+q1λ∆
a1
λµ(q)∆
a1
ζη(q1) ] ε
3a bΓbζ(p
′, p) . (3.36)
The continuity equation for the amplitude M c. t., aµν (a1; k, q) of Eq. (3.31) is
qµM
c. t., a
µν (a1; k, q) = ifπm
2
π∆
π
F (q)
3∑
i=1
Mc. t. ,aπ, ν (a1, i) + gAm2ρ∆a1ζν(q1)ε3a bΓbζ(p′, p) . (3.37)
The amplitudes Mc. t. ,aπ, ν (a1, 1− 3) are defined in Eqs. (3.32)-(3.34) and the last term at the
r. h. s. of Eq. (3.37) is simply related to the contact part the weak axial nucleon current
(3.6).
Summing up Eqs. (3.21),(3.30),(3.37) provides the equation of the PCAC for the radiative
hadron amplitude
qµ [M
B, a
µν + M
a
µν(π) + M
c. t., a
µν (a1)] = ifπm
2
π∆
π
F (q)Maπ, ν + iε3 a bu¯(p′) Jˆ bW, ν(q1) u(p) ,
(3.38)
where the weak vector nucleon current Jˆ bW,µ is defined in Eq. (3.4) and the full radiative
pion absorption amplitudeMaπ, ν is given by the sum of the partial radiative pion absorption
amplitudes discussed in connection with Eqs. (3.21),(3.30),(3.37)
Maπ, ν =
4∑
i=1
MB, aπ, ν (i) + Mm. c., aπ, ν +
3∑
i=1
Mc. t., aπ, ν (a1, i) . (3.39)
Our Eq. (3.38) is in agreement with the general discussion [8] of the structure of the matrix
elements of two currents.
In the next step, we verify the CVC equation for the hadron part of our RMC amplitude.
For this purpose, we calculate separately the divergence of the weak vector and axial parts
of this amplitude with the result
kν [M
B, a
V, µν(1) + M
B, a
µν (5) + M
B, a
µν (6) ] = iε
3 a bu¯(p′) Jˆ bV, µ(q1) u(p) (3.40)
kν [M
B, a
A, µν(1) +
4∑
i=2
MB, aµν (i) + M
a
µν(π) + M
c. t., a
µν (a1)] = iε
3 a bu¯(p′) Jˆ bA, µ(q1) u(p) , (3.41)
which leads to the correct continuity equation
kν [M
B, a
µν + M
a
µν(π) + M
c. t., a
µν (a1)] = iε
3 a bu¯(p′) Jˆ bW,µ(q1) u(p) . (3.42)
The gauge invariance of the combination T 1 − iT 2 can be now verified simply by changing
ε∗ν(k) → kν in Eqs. (3.1) and (3.3) and using Eq. (3.42).
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IV. DISCUSSION AND THE RESULTS
Equations (3.38) and (3.42) are in agreement with the general results obtained in Ref. [8]
for the matrix elements of two current. Let us note that our amplitude satisfy them exactly.
The derivation of such an amplitude based on the low-energy theorems [7]- [11] provides it
up to the terms linear in k and q.
As we have discussed in Ref. [12], the form of the Lagrangian (2.1) from which the RMC
amplitude is constructed, is restricted at threshold by PCAC and current algebras. It fol-
lows that our amplitude coincides at threshold with the one obtained from the low-energy
theorems. At higher energies (up to 1GeV ) it is demanded that the HLS approach incorpo-
rates vector meson dominance, respects the Weinberg sum rules and the KSFR relation and
describes reasonably physical processes such as ρ → ππ, a1 → ρπ etc. It was also shown
in [12] that only at energies ∼ 0.8GeV one can expect sizeable effects depending on the
chosen Lagrangian model. Then in the region of energies relevant for the process of RMC
in nuclei one can consider our transition amplitude as reliably fixed.
Let us compare our radiative hadron amplitude with the results of Ref. [8]. We start with
the amplitudesMB, aµν (1−6) from Eqs. (3.10)-(3.15). The amplitudeMB, aµν (1) with the nucleon
electroweak currents (3.4) and (3.17) contains the standard nucleon Born amplitude and also
a contribution due to the non-pole part of the induced pseudoscalar. Actually, it comes from
the transverse part of the first term of the nucleon axial current JˆaA, µ Eq. (3.6), because the
term −igA∆a1F (q1)q1µq1ηγηγ5 has the form of the induced pseudoscalar with the form factor
−igA∆a1F (q1)q1ηγη. For the nucleon on the mass shell, this is effectively 2MgA∆a1F (q1)q1µγ5
which allows one to write the induced pseudoscalar term with the effective form factor
∆πF (q1) → ∆πF (q1)−∆a1F (q1).
The large term MB, aµν (2) of Eq. (3.11) cancels at threshold with the contact term
M c. t., aµν (a1, 1) of Eq. (3.32) and only higer order terms survive (see below). The amplitude
MB, aµν (3) does not contribute to the considered reaction. The terms M
B, a
µν (4) and M
B, a
µν (5)
are present in Eq. (58) and Eq. (59), respectively.
The amplitude MB, aµν (6) is due to vector ρρρ interaction (Fig. 1d) and it contributes in
the leading order to the terms linear in k and q as
∆MB, aµν (6) ≈
1
m2ρ
ε3 a bu¯(p′)
τ b
2
[ (qη + kη)γη δµν + (kν − 2qν)γµ + (qµ − 2kµ)γν ]u(p) . (4.1)
Next we discuss the amplitudes Maµν(π) of Eqs. (3.23)-(3.28). As we have already men-
tioned Mm. c., aµν is the standard mesonic current. Having in mind that in the considered
symmetry scheme m2a1 = 2m
2
ρ, we can sum up
Maµν(π, 1) + M
a
µν(π, 4) = iMgA∆
π
F (q1) ε
3a bΓb(p′, p)δµν . (4.2)
Such a term is present in Eq. (59) of [8].
The amplitudes Maµν(π, 2), M
a
µν(π, 3) and M
a
µν(π, 5) contribute in higher order in k and
q. These terms cannot be obtained in the standard expansion technique [8].
As we have already mentioned, the large term M c. t., aµν (a1, 1) compensates in the leading
order MB, aµν (2), the result of the sum providing the terms
8
∆(1) ≡ MB, aµν (2) + M c. t., aµν (a1, 1) ≈
gA
4m2ρ
qµ∆
π
F (q)[ qνqζ − q2δνζ
+kνkζ + 2(k · q)δνζ − kνqζ − kζqν ]ε3 a bΓbζ(p′, p) . (4.3)
In the same order, the terms M c. t., aµν (a1, 2) and M
c. t., a
µν (a1, 3) contribute as
∆(2) ≡ M c. t., aµν (a1, 2) + M c. t., aµν (a1, 3) ≈
gA
4m2ρ
qµ∆
π
F (q){ 2[ qνkζ − (q · k)δνζ ]
+ ( q2δνζ − qνqζ ) + [ kνqζ − (k · q)δνζ ]}ε3 a bΓbζ(p′, p) . (4.4)
We now sum up the results (4.3) and (4.4) and leave the terms linear in k and q only
∆(1) + ∆(2) =
gA
4m2ρ
qµ∆
π
F (q)[ qνkζ − (q · k)δνζ ]ε3a bΓbζ(p′, p) . (4.5)
The terms of this order are present also in Eq. (58) of Ref. [8]. Our model provides the
amplitudes V¯i consistently.
At last, the sum of the amplitudes M c. t., aµν (a1, 4) and M
c. t., a
µν (a1, 5) contributes in the
order
∆(3) =
gA
4m2ρ
[ (kµ + qµ)δνζ − (2kζ + qζ)δµν + (2qν − kν)δµζ ]ε3 a bΓbζ(p′, p) . (4.6)
In conclusion we notice that
1. Our amplitude for RMC derived from the chiral Lagrangian of the HLS satisfies PCAC,
CVC and gauge invariance exactly and coincides in the leading order with the standard
one.
2. Our resulting correction terms linear in k and q (see Eqs. (4.1),(4.5) and (4.6)) differ
from those obtained in [7]- [10] by the standard expansion technique. This is due to
the different prescription for passing towards higher energies. In our approach [12], the
vector meson dominance, Weinberg sum rules and KSFR relation restrict the physical
amplitudes at higher energies.
3. One can obtain explicitly higher order terms from our amplitude, which is not possible
using the low energy expansion technique.
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Fig. 1. The radiative hadron amplitude. Graphs a,b – the nucleon Born terms; graphs c,d
– the contact terms related to the nucleon Born terms, the possible pairs (B1, B2) are ρ, π,
ω, π and ρ, ρ; graph e – the contact terms of the B = π or a1 range.
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